In the basal state, approx. 60-70 % of the insulin released from the pancreas is extracted by the liver ; the remaining 30-40 % is extracted by extrasplanchnic organs. Carbohydrate ingestion is known to stimulate pancreatic insulin release and to inhibit whole-body insulin extraction. The present study was undertaken to obtain a quantitative assessment of the degree to which early postprandial insulinaemia in peripheral blood is due to the inhibition of splanchnic as opposed to extrasplanchnic insulin extraction. By means of catheterization, which allowed frequent analyses of insulin and C-peptide in arterial and hepatic venous blood and estimates of splanchnic plasma flow (indocyanine), insulin extraction by splanchnic and extrasplanchnic tissues was studied in 16 healthy volunteers at timed intervals before and after or during oral (n l 8) and intravenous (n l 8) isoglycaemic glucose loads. Splanchnic insulin extraction (66p2 % in the basal state) fell significantly during the 10 min after oral glucose to a minimum of 45p8 % ; during 5-20 min of intravenous glucose administration it rose significantly to a maximum of 72p2 %. Extrasplanchnic extraction of insulin fell from 90-100 % in the basal state to a minimum of 3p6 % (P 0.001) after oral glucose ; during the first 5 min of intravenous glucose infusion it fell in relative but not in absolute terms. It is concluded that the early postprandial increase in peripheral insulinaemia largely ( 85 % during the first 30 min) reflects a marked inhibition of insulin extraction. It is suggested that intestinal hormones and/or splanchnic blood flow may be involved in the mechanisms governing the postprandial inhibition of insulin extraction.
INTRODUCTION
The fate of pancreatic insulin has attracted scientific interest for many years. The splanchnic extraction of insulin has been analysed directly by comparing the splanchnic release of insulin and C-peptide ; this has shown that, in the basal state, 60-70 % of pancreatic insulin is extracted by the splanchnic organs [1, 2] . The relatively constant arterial plasma insulin concentration in the basal state reflects the circumstance that all the insulin released from the splanchnic region to the systemic blood is extracted by uptake and catabolism in the extrasplanchnic tissues. Thus, in the basal state, the extrasplanchnic tissues account for 30-40 % of wholebody insulin extraction.
Several findings indicate that nutrient administration reduces whole-body insulin extraction, thereby contributing to postprandial insulinaemia. Thus the survival of insulin in peripheral blood is prolonged after a glucose meal, but less so during an intravenous glucose infusion (e.g. [3] ). Recently it was found that a fat meal is accompanied by significant arterial hyperinsulinaemia, even though the splanchnic release of insulin is simultaneously reduced [2] . However, studies presenting simultaneous quantitative measurements of human insulin extraction by splanchnic and extrasplanchnic tissues have not been presented ; neither is it known to what extent postprandial changes in the extraction of insulin contribute to nutrient-induced hyperinsulinaemia in the systemic circulation. The mechanisms of splanchnic (mainly hepatic) insulin extraction probably differ from those by which the extrasplanchnic tissues extract insulin. The present study was undertaken in order to measure splanchnic and extrasplanchnic insulin extraction simultaneously in healthy individuals before and after oral glucose ingestion and before and during an isoglycaemic intravenous glucose load.
METHODS Protocol
A total of 16 healthy male volunteers with no known familial diabetes participated in the study. Of these, eight subjects were studied before and during 60 min of intravenous infusion of a glucose solution, and eight were studied before and for 60 min after oral ingestion of a liquid glucose meal. Anthropometric data were identical in the two groups : age\height\weight l 30p1 years\ 1.80p0.01 m\78p2 kg.
The subjects reported to the laboratory in the morning after an overnight fast of 12-14 h. They were studied in the supine position, comfortably dressed in a cotton shirt and shorts and covered by a thin blanket. The room temperature was 20-22 mC. Respiratory gas exchange and energy expenditure were measured for 8 min periods by means of continuous breath-by-breath analysis (Medgraphics2, System CPX\D ; Medical Graphics Corp., St Paul, MN 55127, U.S.A.), using a nose-clip and mouthpiece technique with which the subjects were familiar.
Under local anaesthesia, three catheters were inserted. One Cournand catheter no. 7 was introduced from the right femoral vein and passed under fluoroscopic control into a right-sided hepatic vein. Another catheter was inserted percutaneously into a brachial artery, and a third was inserted via an antecubital vein into the subclavian vein.
Immediately after the catheterization procedure, arterial blood was drawn for zero-point analysis of indocyanine dye (Cardio-Green2 ; Hynson, Westcott & Dunning Products, Becton Dickinson & Co, Cockeysville, MD 21030, U.S.A.), which was then infused into the subclavian vein. The infusion was continued for 45-60 min in order to achieve steady-state plasma concentrations before performing baseline blood flow measurements.
The baseline measurements were performed three times at 5 min intervals. After this the glucose was administered, either by oral ingestion of a solution of 75 g (417 mmol) in 375 ml of water (duration of intake 2-3 min), or by infusion over 60 min into the subclavian vein. The intravenous glucose solution (GLUCOS 200 mg\ml ; Pharmacia, Stockholm, Sweden) was administered at a rate of 1.5 ml (0.3 g ; 1.67 mmol) per min. Blood samples were drawn at timed intervals from the arterial and hepatic venous catheters for analyses of oxygen content, packed blood cell volume, and haemoglobin, indocyanine, glucose, insulin and C-peptide concentrations. In five subjects in each group blood samples were drawn at k10, k5, 0, 5, 10, 15, 20, 25, 30, 45 and 60 min. Three subjects in each group underwent blood sampling at k10, k5, 0, 1, 2, 3, 4, 5, 10, 15, 30 and 60 min, in order to analyse the initial response to the glucose loads.
The splanchnic plasma flow was estimated by the continuous indocyanine infusion technique [4, 5] . In the basal state, the coefficient of variation in the present study was 0.9 %. However, the method requires a relatively steady state. During periods when the splanchnic plasma flow is changing, as during the first 30 min after an oral glucose load, sampling intervals of 5 min may be short for the establishment of a relatively steady state. The absolute flow values obtained for the ' oral ' group during this period may thus be somewhat less reliable than the other flow values reported.
All subjects were informed of the nature, purpose and possible risks of the study before giving their voluntary consent to participate. The study protocol was reviewed and approved by the institutional ethics committee.
Analyses
Plasma concentrations of indocyanine were estimated by an HPLC technique [6] . Blood contents of oxygen and haemoglobin were analysed spectrophotometrically (OSM 3 Hemoximeter2 ; Radiometer, Copenhagen, Denmark). Blood glucose concentrations were analysed by a dehydrogenase technique [7] , and plasma concentrations of free insulin and C-peptide were measured by radioimmunoassay [8, 9] .
Calculations
Splanchnic oxygen uptake was calculated as the product of splanchnic blood flow and the arterio-hepatic venous oxygen difference, according to Fick's principle [10] . The means of the values obtained at k10 to k5 and k5 to 0 min were used as basal values when calculating changes from the basal state. Plasma volume was calculated from the central packed blood cell volume, measured in arterial blood, and the individual blood volumes estimated from body dimensions [11] . The group subjected to oral glucose is referred to as ' oral ' and the group subjected to intravenous glucose as ' intravenous '.
Insulin extraction was calculated for 5-min periods before, during and\or after the oral and intravenous glucose loads. A time constant was necessary for the Insulin extraction from blood Table 1 Pulmonary oxygen uptake, respiratory exchange ratio, whole-body energy expenditure, heart rate, splanchnic oxygen consumption, arterio-venous oxygen difference, arterial haemoglobin concentration and plasma volume
The parameters were measured in eight subjects before and for 60 min after oral ingestion of 417 mmol of glucose (oral group), and in eight subjects before and during a 60 min infusion of glucose at 1.67 mmol/min (intravenous group). Results are meanspS.E.M. Statistically significant differences from the basal state are indicated by : *P 0.05 ; **P 0.01. 3.58p0.12** 3.64p0.14** 3.68p0.14** 3.66p0.14** analysis of extrasplanchnic extraction, which with a blood sampling interval of 5 min could be performed for only the first 30 min of the glucose loads. The sampling frequency was limited by the total amount of blood sampling allowed. Splanchnic insulin extraction (pmol\5 min) was calculated as :
where insAiQ l (arterial plasma insulin concentration)i(splanchnic plasma flow), representing the insulin delivered to the splanchnic region from the arterial blood during each 5-min period ; Cp(HVkA)iQ l (hepatic venouskarterial plasma difference for C-peptide)i(splanchnic plasma flow), i.e. the splanchnic release of C-peptide, representing the pancreatic release of C-peptide (l insulin) during each 5-min period ; and insHViQ l (hepatic venous plasma concentration of insulin)i(splanchnic plasma flow), representing the hepatic venous output of insulin from the splanchnic region during each 5-min period.
Extrasplanchnic insulin extraction (pmol\5 min) was calculated as :
where ins(HVkA)iQ l (hepatic venouskarterial difference for insulin)i(splanchnic plasma flow), i.e. the splanchnic release of insulin during each 5-min period ; and ∆insAiPV l (change in arterial plasma insulin concentration)i(plasma volume) during each 5-min period, with positive values representing the accumulation of insulin in the plasma volume.
During the initial 5 min of the glucose loads, blood samples for measurement of insulin and C-peptide were drawn each 1 min (i.e. almost continuously) in three subjects in each group, in order to measure the wellknown initial peak of hormone release. This showed that, when calculated as the average of the values obtained at points zero and 5 min, splanchnic release in the period 0-5 min was underestimated by 11 %. The 0-5 min splanchnic release values from the five individuals in each group not subjected to 1 min blood sampling were therefore individually adjusted by 11 %.
Statistics
Significant changes from basal within a group were assessed by Student's paired t-test. Data in the text, Tables and Figures are 
RESULTS

Basal state, and whole-body metabolic and circulatory variables
The basal state was defined by measuring whole-body oxidative metabolism, respiratory exchange ratio, splanchnic oxygen uptake and heart rate. The two groups were comparable, and the measured metabolic and circulatory variables were well within the expected basal range calculated for body size and age [12] ( Table 1 ). The pulmonary oxygen uptake, respiratory exchange ratio, energy expenditure and heart rate rose significantly after oral glucose, but not during intravenous glucose. During intravenous glucose infusion, the arterial haemoglobin Table 2 Arterial and hepatic venous blood concentrations of glucose, insulin and C-peptide, splanchnic glucose release, and splanchnic plasma flow Parameters were measured before and for 60 min after oral ingestion of 417 mmol of glucose (oral group ; n l 8) and before and during a 60 min intravenous glucose infusion at 1.67 mmol/min (intravenous group ; n l 8). Results are meanspS.E.M. Statistically significant differences from the basal state are indicated by : * P 0.05 ; ** P 0.01 ; *** P 0.001. concentration fell promptly, corresponding to an increased plasma volume (Table 1) , whereas no such changes occurred in the oral group until 60 min after the meal.
Splanchnic oxygen uptake and blood flow
Basal splanchnic oxygen consumption was 22p2 % and 19p2 % of the simultaneous pulmonary oxygen uptake in the oral and intravenous groups respectively. During intravenous glucose infusion, the splanchnic oxygen uptake tended to fall, but none of the glucose loads caused any significant changes during the 60 min observation period. Splanchnic blood flow in the basal state was similar (1.29p0.12 and 1.19p0.09 l\min respectively) in the oral and intravenous groups (cf. Table 1 ). After oral glucose it increased significantly, with a corresponding reduction of the arterio-hepatic venous oxygen difference (Table 1) . No significant blood flow changes occurred during intravenous glucose infusion.
Glucose
In the basal state, the arterial and hepatic venous blood glucose concentrations were similar in the oral and intravenous groups (Table 2 ). In the intravenous group, the arterial glucose concentration rose significantly within the first 1 min of infusion and continued to rise, Insulin extraction from blood Oral  98p23 26p17 141p36  9p54  41p72  290p146 217p18  541p222  Intravenous  52p19 43p10  78p72  33p65  75p63  139p81  100p90  96p73 almost linearly, throughout the study period. In the oral group the arterial glucose concentration did not rise significantly until after the first postprandial 5-min period. The increment at 60 min was similar in the two groups.
The hepatic venous glucose concentration rose almost linearly in the intravenous group (Table 2) . At 20 min after the onset of the infusion, it was lower than the arterial concentration. In the oral group, the hepatic venous concentration decreased significantly during the first 1 min (results not shown), and no significant rise from the basal level was observed until 10 min after ingestion.
The rate of splanchnic release of glucose in the basal state was 0.9-1 mmol\min, and was similar in the two groups (Table 2 ). In the intravenous group, the net release reverted to a net splanchnic uptake after 15 min of glucose infusion. In the oral group, the splanchnic release of glucose tended to decrease from basal during the first 2 min after ingestion (n l 3 ; results not shown) and then rose. During the 60 min observation period, approx. 124p9 mmol were released from the splanchnic into the systemic circulation in the oral group, compared with the 100 mmol infused in the intravenous group.
Insulin
In the basal state, the insulin concentrations in the arterial and hepatic venous plasma were similar in the two groups (Table 2) . During the 60 min of intravenous glucose infusion, the average arterial insulin concentration in this group was approx. 100 pmol\l, less than half the average 60 min value observed in the oral group.
The hepatic venous insulin concentration showed an initial peak value at 3 min after the onset of the glucose loads (n l 3 for each group ; results not shown). The average concentrations during 60 min of glucose load were 289 and 143 pmol\l in the oral and intravenous groups respectively.
The rate of splanchnic release of insulin in the basal state was 10-14 pmol\min, and was similar in the two groups (Table 2) . During the glucose loads, the splanchnic release of insulin increased more markedly after oral ingestion than during intravenous infusion, with the average release during 60 min being approx. 88 and
Figure 1 Fractional extraction of insulin by splanchnic (A) and extrasplanchnic (B) tissues
Extraction was measured in eight healthy men before (basal) and after oral ingestion of 417 mmol of glucose (hatched bars) and in eight healthy men before (basal) and during intravenous infusion of glucose at 1.67 mmol/min (open bars). Results are meanspS.E.M. Asterisks indicate significant differences from the basal state : *P 0.05 ; **P 0.01 ; ***P 0.001.
35 pmol\min in the oral and intravenous groups respectively. As mentioned above (see the Methods section), the 0-5 min splanchnic release values were individually increased by 11 % to correct for the initial peaks observed in the three subjects in each group from whom blood samples were drawn every 1 min for the first 5 min.
Extraction of insulin
The splanchnic and extrasplanchnic extraction of insulin are presented in Table 3 , from which the quantitative importance of the 30-min changes in insulin extraction can be approximately calculated. Compared with the 10 min period prior to glucose administration, during the first 10 min of glucose load pancreatic insulin release increased by approx. 0.97 and 0.66 nmol in the intravenous and oral groups respectively. The corresponding increments in the splanchnic release of insulin were 0.17 and 0.41 nmol respectively, and those for splanchnic insulin extraction were 0.84 and 0.21 nmol respectively. The difference between the increments in the splanchnic release of insulin into the systemic circulation could be fully accounted for by the different increments in splanchnic insulin extraction. In addition, the simultaneous decrease in extrasplanchnic insulin extraction (Figure 1 ) contributed to an increased arterial input of insulin into the splanchnic region of approx. 0.56 nmol in the oral group, which was almost three times greater than that observed in the intravenous group (0.19 nmol). The splanchnic fractional extraction of insulin fell significantly in the oral group and increased significantly in the intravenous group in response to the glucose loads (Figure 1) .
During the first 30 min of glucose loading, the splanchnic release of insulin was approx. 2.10 and 0.78 nmol in the oral and intravenous groups respectively. If, instead of changing, the splanchnic fractional extraction of insulin had remained at its basal level, the corresponding values would have been 0.28 and 0.87 nmol for the oral and intravenous groups respectively. Thus, in the oral group, the decrease in splanchnic fractional extraction accounted for approx. 87 % of the 30 min postprandial splanchnic release of insulin into the systemic circulation. In the intravenous group, the increase in the splanchnic fractional extraction of insulin reduced splanchnic insulin release by approx. 10 %. The decreases in splanchnic and extrasplanchnic insulin extraction that resulted from the enteral presence of glucose accounted for most of the early postprandial rise in systemic insulinaemia. A substantial increase in pancreatic insulin release did not appear until 10-15 min after the oral glucose load. The splanchnic fractional extraction of insulin rose from 15 min after the glucose meal (Figure 1 ).
C-peptide
In the basal state the C-peptide concentrations in arterial and hepatic venous plasma (426-453 and 565-575 pmol\l respectively) were similar in the two groups (Table 2) . During the 60 min of glucose load, the average arterial concentrations were approx. 1512 and 988 pmol\l in the oral and intravenous groups respectively.
The hepatic venous C-peptide concentration was already significantly increased (P 0.0002) at 3 min after the onset of intravenous glucose infusion (n l 3 ; results not shown). In the oral group, values significantly higher than basal did not occur until 10 min after glucose ingestion. The average hepatic venous C-peptide concentrations during 60 min of glucose loading were 2050 and 1386 pmol\l in the oral and intravenous groups respectively.
The splanchnic release of C-peptide in the basal state was 81-112 pmol\min, and was similar in the two groups. During the 60 min glucose load, the average splanchnic C-peptide release was 533 and 245 pmol\min in the oral and intravenous groups respectively. As mentioned above (see the Methods section), the 0-5 min splanchnic release values were individually increased by 11 % to correct for the initial peaks observed in the three subjects in each group in whom blood samples were drawn every 1 min for the first 5 min. Insulin extraction from blood 
Ratio between plasma concentrations of Cpeptide and insulin
In the basal state, the average of 48 measurements of the C-peptide\insulin concentration ratios were 11.7p0.7 and 10.9p0.5 (P 0.05) in arterial and hepatic venous plasma respectively. During intravenous glucose infusion, the ratio fell significantly in arterial plasma for the first 5-10 min (Figure 2 ) and in hepatic venous plasma after 30 min of infusion (cf. Table 2 ). After oral glucose, the ratio was decreased in arterial plasma at 10 and 15 min after glucose (Figure 2) , and in hepatic venous plasma at 10, 15 and 30 min after glucose ingestion.
DISCUSSION
The present results confirm earlier findings by others that the increase in insulinaemia is greater after an oral glucose load than during an isoglycaemic intravenous glucose load [13, 14] , and that this difference has to do with higher insulin production as well as reduced whole-body insulin extraction after an oral glucose load [3] . In addition, the present study provides quantitative information on the functional importance of changes in the splanchnic and extrasplanchnic extraction of insulin. The results indicate that approx. 87 % of the rise in the splanchnic release of insulin into the systemic circulation during the 30 min after a glucose meal can be attributed to a simultaneous decrease in the splanchnic fractional extraction of insulin. Moreover, insulin extraction also fell in the extrasplanchnic tissues during the initial phase after oral glucose. Almost all the insulin released from the splanchnic region at 5-15 min after oral glucose (approx. 0.57 of 0.62 nmol ; l 92 %) survived in the systemic circulation during that period, a phenomenon that considerably raised the arterial input of insulin into the splanchnic region, thereby increasing the total insulin load on the liver. A substantial increase in the pancreatic release of insulin and C-peptide in response to oral glucose did not appear until 10-15 min after the meal. In contrast, during the isoglycaemic intravenous glucose load, the splanchnic fractional extraction of insulin showed a significant increase that reduced the 30 min splanchnic release of insulin by approx. 10 %. During the first 5 min of intravenous glucose infusion, the initial extrasplanchnic extraction of insulin fell in relative, but not in absolute, terms.
Thus, during intravenous glucose loading, splanchnic insulin extraction increased promptly in both absolute and relative terms. In contrast, after oral glucose loading, the response of the splanchnic organs to a similar insulin load did not entail a significant rise in insulin extraction until 15 min after the meal. These findings may indicate that splanchnic insulin extraction is actively inhibited by some mechanism operating in the early phase after an oral glucose load. It is conceivable that such a process could be included in the well-known incretin mechanism [15] [16] [17] . Signals from the intestine, possibly hormonal, might inhibit insulin extraction in the liver. Intestinal hormones are probably involved in the mechanism behind the prompt rise in hepatic blood flow that occurs upon intestinal deposition of glucose [18, 19] or fat [2] . Increased hepatic blood flow may reduce the time of contact between hepatocytes and blood to a level below that necessary for maintaining optimal hepatic insulin extraction. If so, prevention of the blood flow response to a glucose meal would increase the splanchnic extraction of insulin and reduce splanchnic insulin release. The finding of a low glucose-induced splanchnic release of insulin in individuals whose splanchnic blood flow response was attenuated by β-adrenergic receptor inhibition [20] may support the view that a low hepatic blood flow favours hepatic insulin extraction. However, the splanchnic release of C-peptide was not followed in that study.
Extrasplanchnic insulin extraction also fell to very low absolute levels between 5 and 15 min after ingestion of oral glucose, but not during intravenous glucose infusion. The mechanism behind this phenomenon is not known. It may be speculated that a hormonal signal from the intestine could have accompanied the insulin released into the systemic circulation and caused an inhibition of insulin extraction in the extrasplanchnic tissues. Another possibility, supported by the finding of positive arteriohepatic venous differences for insulin in two subjects from each group, might be a release of insulin from extrasplanchnic stores in response to the glucose loads. Rasio [21] described how an increased extracellular concentration of glucose caused the release of insulin from endothelial insulin stores in dogs. Such a mechanism would, if present in humans, lead to a seemingly reduced net extrasplanchnic extraction of insulin. A third hypothetical mechanism might be that oral glucose, when stimulating the splanchnic blood flow, opens a portocaval shunt for insulin-rich blood. In addition to patients with liver cirrhosis and porto-caval shunts due to portal hypertension, anatomical prerequisites for such shunting of portal venous blood may be present in healthy humans in the oesophageal veins draining into the azygos venous system. However, our preliminary results from a study including hormone analyses of blood drawn from the azygos vein before and after an oral glucose load have not revealed such shunting of portal venous blood (J. Wahren and T. Brundin, unpublished work). No similar studies in patients with liver cirrhosis seem to have been described.
The present study was not free from methodological difficulties. As mentioned in the Methods section, the constant-infusion technique is not ideal for measuring rapidly changing flows. However, no better method is available for the estimation of human total splanchnic plasma flow. Another problem was the well-known pulsatile character of the pancreatic release of insulin and C-peptide ; this calls for frequent blood sampling in order to minimize the risk of obtaining unrepresentative blood samples. For ethical and practical reasons, the sampling frequency was limited by the volume of blood that can be drawn from a volunteer.
It is concluded that the observed early postprandial insulinaemia depends largely on an inhibition of insulin extraction, a phenomenon of quantitative importance for human insulin economy. It is suggested that intestinal hormones and\or high hepatic blood flow may be involved in the mechanism whereby insulin extraction is inhibited. A glucose-induced release of insulin from extrasplanchnic endothelial stores may explain an apparent decrease in extrasplanchnic insulin extraction. Quantitative data on functional splanchnic and extrasplanchnic insulin extraction in patients with diabetes mellitus are still incomplete.
